It has been shown that canine and human hearts exhibit a cardiac cycle-dependent variation of integrated backscatter (cyclic variation) that reflects intrinsic regional contractile performance . To determine whether ultrasound tissue characterization can identify viable though stunned myocardium before recovery of regional wall thickening, transient ischemic injury was produced in eight open chest dogs for 15 min followed by reperfusion for h . Cyclic variation and wall thickening were measured before ischemia, at 15 min after the onset of ischemia and at selected intervals after the onset of reperfusion from multiple sites within the ischemic zone with a novel combined two-dimensional and M-mode acquisition system. Cyclic variation and wall thickening were computed from digitized M-mode integrated backscatter images with an algorithm developed and validated for this purpose . Magnitude and "delay" of cyclic variation and wall thickening were compared . Delay represents the degree of synchrony of regional cyclic variation or wall thickening with global ventricular mechanical systole .
It has been shown that canine and human hearts exhibit a cardiac cycle-dependent variation of integrated backscatter (cyclic variation) that reflects intrinsic regional contractile performance . To determine whether ultrasound tissue characterization can identify viable though stunned myocardium before recovery of regional wall thickening, transient ischemic injury was produced in eight open chest dogs for 15 min followed by reperfusion for h . Cyclic variation and wall thickening were measured before ischemia, at 15 min after the onset of ischemia and at selected intervals after the onset of reperfusion from multiple sites within the ischemic zone with a novel combined two-dimensional and M-mode acquisition system. Cyclic variation and wall thickening were computed from digitized M-mode integrated backscatter images with an algorithm developed and validated for this purpose . Magnitude and "delay" of cyclic variation and wall thickening were compared . Delay represents the degree of synchrony of regional cyclic variation or wall thickening with global ventricular mechanical systole .
Baseline cyclic variation and wall thickening magnitudes were 3.8 ± 0 . dB and 37 ± 1 .4%, respectively . With ischemia, cyclic variation and wall thickening decreased to 1 .7 ± 0 . dB and 17 ± %, respectively (p < 0 .05, A major problem facing modern cardiology has been the identification of viable but "stunned" myocardium within a region of acute ischemic injury . This issue has gained in importance particularly in this era of rapid interventional compared with baseline) . Cyclic variation recovered to baseline levels within 0 min after reperfusion (3 .3 ± 0 .4 dB, p = NS) . Wall thickening remained depressed for h after the onset of reperfusion ( 3 ± %, p < 0.05 compared with baseline) . Delay of cyclic variation in a unitless ratio expressed as delay (in milliseconds) divided by the QT interval (in milliseconds) increased from 0.87 ± 0 .03 at baseline to 1 .10 ± 0 .1 with ischemia, a change consistent with mild asynchrony, and returned to baseline (0 .95 ± 0.07, p = NS compared with baseline) within 0 min after reperfusion . Delay of wall thickening was 0.88 ± 0.0 at baseline, increased to 1 . 3 ± 0 .09 with ischemia and remained significantly increased h after reperfusion (1 .07 ± 0 .05, p < 0 .05 compared with baseline) .
Recovery time constants for cyclic variation and wall thickening with reperfusion reflected earlier restoration of cyclic variation (8 .1 min) than of wall thickening (4 0 .5 min) . Thus, cyclic variation recovers before wall thickening with reperfusion. Its analysis appears to provide a useful index of the presence of viable and potentially salvageable tissue in regions of stunned myocardium that is independent of wall thickening. (J Am Coil Cardiol 1989; 14:46 -71) treatment for acute myocardial infarction . Current clinical methods for the assessment of left ventricular contractile performance that depend on analysis of regional wall motion cannot identify viable tissue within a region of stunned myocardium associated with acute ischemic injury until and unless wall motion improves (1) (2) (3) (4) (5) (6) (7) (8) (9) . Results with these methods typically overestimate the extent of injured tissue by failing to distinguish between reversibly injured myocardium and tissue that may be moving abnormally because of factors such as excessive regional afterload or tethering of normal myocardium by ischemic tissue ( -4,6-10) . Furthermore, the prolonged time course of recovery of regional wall motion after arterial occlusion and reperfusion may preclude accurate, early estimation of tissue viability needed for clinical decisions (5, (11) (12) (13) . Early detection of viable myocardium within a region of reversibly injured muscle is critical for the evaluation of patients with acute myocardial ischemic injury undergoing treatment designed to restore coronary artery patency and salvage reversibly injured myocardium .
Ultrasound tissue characterization with integrated backscatter offers promise as a noninvasive means for assessing left ventricular contractile performance independent of wall motion (14) (15) (16) (17) (18) . We and others have shown that animal and human myocardium exhibits physiologic, cardiac cycle-dependent variation of integrated backscatter that is altered promptly by ischemia and by reperfusion and is modified by phenomena manifested as dilated cardiomyopathy or remote infarction, and that it reflects regional left ventricular contractile performance . Our laboratory (16) and others (17) have shown in experimental animals that the magnitude of cyclic variation of integrated backscatter bears a complex, nonlinear relation to wall thickening and that the recovery of endocardial motion lags behind the recovery of cyclic variation after brief periods of myocardial ischemia .
However, quantitative relations between recovery of wall thickening and recovery of cyclic variation of integrated backscatter after transient ischemic injury and reperfusion have not been delineated .
Myocardial characterization with ultrasound delineates physical characteristics of intramural myocardial segments without reliance on regional wall motion that may be influenced by factors other than intrinsic contractile performance such as regional afterload and tethering . Accordingly, we hypothesized that brief periods of myocardial ischemia known not to result in permanent myocardial injury would yield changes in cyclic variation of integrated backscatter and that these changes would recover more quickly than changes in wall thickening and hence serve as a more sensitive early index than would wall thickening for detection of viable but stunned myocardium . Single M-mode frames of integrated backscatter images were recorded simultaneously with an ECG trace at a sweep speed of 50 mm/s . Transmit power and time gain compensation controls were adjusted to yield optimal integrated backscatter images from each dog . The effect of transmit power and time gain compensation settings on the cyclic variation of integrated backscatter has been evaluated in our laboratory ( 5) and was found to have no effect on the magnitude of cyclic variation as long as values of time-averaged inte-grated backscatter remained within the dynamic range of the system . Once the transmit power and time gain compensation controls had been set for each dog they were not changed during the course of the data acquisition . Absolute calibration of the imaging system is not required for measurement of the cyclic variation of integrated backscatter . Integrated backscatter M-mode images were obtained at a sweep speed of 50 mm/s, digitized, transferred through a general purpose information bus and stored on a hard disk in an HP-1000 computer for later off-line analysis . Digitized integrated backscatter image data contained 64 gray scale levels per pixel, yielding a resolution of 0 .5 dB in integrated backscatter intensity per pixel . Only 3 gray scale levels could be displayed per pixel on the video screen, each corresponding to a 1 .0 dB increment in integrated backscatter intensity . The values for integrated backscatter and wall thickening were computed from the higher resolution data collected before the conversion to video images . Typically, 5 s of image data was collected with each sample and provided four to six cardiac cycles for analysis . The ECG was recorded simultaneously with the image data . Multiple samples (four to seven per dog) of integrated backscatter M-mode image data were collected at baseline within the area to be made ischemic at 15 min after arterial occlusion and at 5, 10, 0, 30, 60 and 1 0 min after the initiation of reperfusion .
Analysis of integrated backscatter and wall thickening . The integrated backscatter M-mode image data were processed with use of a simple edge detection algorithm . Locations of the epicardial and endocardial surfaces were estimated at the occurrences of maximal rate of change in integrated backscatter values across a threshold arbitrarily chosen between typical values for myocardium and background clutter . These estimates were then regularized by considering variations in neighboring M-lines to produce smoothly varying curves identifying the presumed myocardial boundaries . The central 60% of the myocardium was then located by excluding the first (subepicardial) and last (subendocardial) 0% of the myocardial wall, resulting in a demarcation of the site of analysis for the calculation of integrated backscatter . The thickness of the myocardial wall was calculated for each M-line and the regional average value of integrated backscatter was also found, resulting in measurements of both integrated backscatter and wall thickness as a function of time .
The integrated backscatter and wall thickening data were then analyzed with an automated computer algorithm developed and validated in our laboratory ( 8) . The algorithm uses an idealized model of the cyclic variation that makes only minimal assumptions about the precise form of the variation . These assumptions are that the variation is cyclic with a period equal to the RR interval and that values of integrated backscatter are greater at end-diastole than at end-systole . An average systolic interval equivalent to the QT interval and an average period equivalent to the RR interval for each integrated backscatter trace were independently estimated from the accompanying ECG by determining the times corresponding to the beginning of each QRS complex and the end of each T wave .
The analysis algorithm uses only the regional average integrated backscatter data and three time variables determined from the ECG (a time origin corresponding to the first QRS complex, average QT interval and average RR interval) as input . The objective model function of the cyclic variation of integrated backscatter appropriate to a particular data trace is formulated by assigning a lesser backscatter value for a time equal to the QT interval (corresponding to a lower value of backscatter during systole) and a greater value for the remainder of the heart cycle (corresponding to diastole), which is then cyclicly repeated at the average RR interval . The magnitude of cyclic variation described by the model is initially arbitrary . Digital low pass filtering produced a smoothly varying model function ( Fig . 1) , which is then offset such that a zero mean occurs over the cardiac period . For consistency, the actual data are also low pass filtered . The data set is truncated at both ends, retaining only the integrated backscatter measurements from an integral number of heart periods . Both the mean and any overall sloping trend present in the data are removed by determining the least squares line to the smoothed data and subtracting it from the corresponding model function .
Because regional mechanical contractile events may not be synchronized exactly ("in phase") with global contractile events, a time delay is calculated for each set of integrated backscatter data to estimate the delay of regional cyclic variation with respect to global ventricular mechanical systole . The best delay was estimated by maximizing the cross correlation of the data and model functions with respect to the amount of time delay between the time origin (onset of the QRS complex) and the center of the decrease in integrated backscatter that occurs during ventricular mechanical systole . This delay approximately corresponds to the interval between the QRS complex and the nadir of cyclic variation of integrated backscatter . To compensate for the effects of changes in heart rate, delays were normalized as the estimated delay time divided by the average QT interval so that the estimated delays were expressed as a unitless ratio (delay time in milliseconds divided by the QT interval in milliseconds) . We ( 6) have previously evaluated the utility of this delay ratio in conjunction with the magnitude of cyclic variation of integrated backscatter for delineation of remote myocardial infarction from normal myocardium . Delay values for wall thickening were calculated in the same manner and approximately correspond to the interval between the onset of the QRS complex and peak systolic wall thickness . Delay ratios for normal human myocardium typically approximate unity ( 6) . Gray scale (3 levels) M-mode images of the ventricular wall were produced with a laser printer along with plots of actual integrated backscatter, plots of the model cyclic variation estimated by the algorithm and the ECG with QT intervals delineated by the computer (Fig . 1) . Each individ- Values for the delay of cyclic variation are listed in Table   . Average baseline values for delay were 0 .87 ± 0 .03 and increased to 1 .10 ± 0 .1 with occlusion (p = NS, actual p value 0 .09) . The increase in the delay ratio indicates that mechanical events responsible for regional cyclic variation (Tables 3 and 4) . Percent wall thickening values at baseline, at 15 min of ischemia and at the intervals selected after the onset of reperfusion are listed in Table 3 . Figure 3 illustrates the time course for recovery of wall thickening . Wall thickening at baseline was 37 ± 1 .4% and decreased to 17 ± % with occlusion (p < 0 .05) . By h after the onset of reperfusion it had recovered to only 3 ± % (p < 0 .05, compared with baseline) . These values for wall thickening are in close agreement with previously published data (30-37) for normally perfused, modestly ischemic and reperfused myocardium in dogs .
Values for the delay of wall thickening are listed in Table   4 . Delay in wall thickening was 0 .88 ± 0.0 at baseline and increased to 1 . 3 ± 0 .09 with ischemia (p < 0 .05) . At h after the onset of reperfusion, the delay in wall thickening was 1 .07 ± 0 .05 (p < 0 .05, compared with baseline) paralleling the delayed return of wall thickening . The increased delay ratio indicates that maximal regional wall thickening 
Discussion
These results demonstrate that the magnitude of cyclic variation of integrated backscatter recovers more quickly than does wall thickening after a brief period of ischemia known not to result in irreversible myocardial injury . This suggests that ultrasound tissue characterization with integrated backscatter can sensitively detect viable but stunned Only modest ischemic injury was produced in our experiments . Wall thickening was reduced from 37% to only 17% .
The experiments were designed to ensure some maintenance of regional contractile performance presumably in more subepicardial regions as shown by others (31,3 ,36) . In view Clinical implications . The exponential equations fitted to the reperfusion data for cyclic variation and wall thickening serve to underscore the more prompt recovery of cyclic variation compared with wall thickening and suggest that the approach developed can provide a sensitive index of the success of reperfusion after pharmacologic or mechanical interventions for acute myocardial infarction in patients . Previously we found ( 4) that cyclic variation of integrated backscatter recovers more promptly than wall motion in injured regions in patients with acute myocardial infarction treated successfully with thrombolytic agents, whereas those with persistent coronary occlusion showed no significant recovery of cyclic variation or wall motion in injured regions . Patients with remote myocardial infarction have significantly depressed cyclic variation in infarct zones compared with regions that manifest normal function ( 6) . Our present data support the view that recovery of cyclic variation of integrated backscatter more sensitively reflects recovery of regional intramural contractile performance than does wall motion . Furthermore, the data indicate that the cyclic variation of integrated backscatter provides information characterizing regional contractile function that is not available from the analysis of wall thickening alone . Clinically, measurement of the cyclic variation of integrated backscatter may provide a means for the rapid assessment of regional myocardial contractile performance after the pharmacologic or mechanical (i .e ., coronary angioplasty) treatment of acute myocardial infarction when wall motion abnormalities may be present in reversibly injured but viable myocardium .
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